While the horizontal transfer of a parasitic element can be a potentially catastrophic, it is 2 increasingly recognized as a common occurrence. The horizontal exchange, or lack of 3 exchange, of TE content between species results in different levels of divergence among 4 a species group in the mobile component of their genomes. Here, we examine differences 5 in the TE content of the Drosophila pseudoobscura species group. We identify several 6 putative horizontal transfer events, and examine the role that horizontal transfer plays in 7 the spread of TE families to new species and the homogenization of TE content in these 8 species. Despite rampant exchange of TE families between species, we find that both TE 9 content differs hugely across the group, likely due to differing activity of each TE family 10
Introduction 22
Unlike mammals, which have few active transposable elements (TEs) mostly fixed 23 insertions within species (Hellen and Brookfield 2013a; , transposable elements (TEs) 24
in Drosophila species appear to be highly active, as inferred from a high proportion of 25 polymorphic, and thus presumably recent, insertions (Charlesworth and Langley 1989 ; 26
Sniegowski and Charlesworth 1994; Charlesworth et al. 1997 ; González et al. 2008 ; 27 Petrov et al. 2011) . The dynamic nature of TEs in Drosophila is reflected in the data from 28 the 12-genomes project (Clark et al. 2007) . While species in the genus all host LTR, non-29 LTR retrotransposons and TIR DNA transposons in roughly the same rank order of 30 abundance (Sessegolo et al. 2016) , the contribution of each appears to differ for different 31 genomes. The proportion of total TE content that is non-LTRs, for example, ranges from 32 ~12% to ~35% (Clark et al. 2007 ; Sessegolo et al. 2016) . 33
Under a model of TE evolution where active transposition is followed by 34 suppression and eventually, inactive decayed elements, one might expect that the active 35 families of elements would differ between the species (Kaplan et al. 1985 
; Maruyama and 36
Hartl 1991; Capy et al. 1992 ; Lohe et al. 1995; Hartl et al. 1997) . Instead, the overall 37 content is largely similar (Vieira et al. 1999 ; Lerat et al. 2011; Kofler et al. 2015b) , with 38 many of the same TE insertions found at low frequencies in both species (Kofler et al. 39 2015b). The reason might be that the overall TE content between species be regularly 40 homogenized by horizontal exchange between the species (Bartolomé et al. 2009 ). This 41 process is exemplified by the recent horizontal transfer of the P-element, newly acquired 42 by D. melanogaster sometime in the 20 th century from a Caribbean species, into D. 43 simulans (Kofler et al. 2015a; Hill et al. 2016) . 44
Here, we investigate these questions in a different Drosophila group, the 45 pseudoobscura group, using publicly available genome sequences for five species, and 46 an improved genome sequence from D. pseudoobscura (Richards et al. 2005) , and 47 several sequenced third chromosome isolates (Fuller et al. 2016) . Unlike D. simulans 48 and D. melanogaster, these species are not cosmopolitan and thus may have had less 49 opportunity to encounter new transposable elements outside their ancestral range. 50
Further, in contrast to most Drosophila, some species in this group were reported to have 51 mostly fixed insertions; we re-examine this claim with new data. We also examine 52 1. We recovered a set of TE candidates for each species using the reference genomes. 83
We used two separate pipelines: (i) Repeatscout and PILER in the RepeatModeler 84 pipeline (default parameters) (Price et al. 2005; Smit and Hubley 2008) , with all 85 sequences designated as microsatellites and simple repeats removed from the output, 86
and (ii)
LTRHarvest, which finds LTR retrotransposons (using parameters 87 recommended in the LTRHarvest manual: -tis -suf -lcp -des -sds -dna; -seed 100 -88 minlenltr 100 -maxlenltr 1000 -mindistltr 1000 -maxdistltr 15000 -xdrop 5 -mat 2 -mis 89 -2 -ins -3 -del -3 -similar 90.0 -overlaps best -mintsd 5 -maxtsd 20 -motif tgca -motifmis 90 0 -vic 60 -longoutput) (Ellinghaus et al. 2008) . Though this step may bias us to find 91 primarily LTRs, we note that most previously known TEs we find are LTRs, while most 92 (19 of 41) novel elements are DNA transposons (Table S2) . 93 2.
Step 1 resulted in a set of 769 candidate TE sequences, ranging from 208bp to 14.5kb. 94
We used BLAST to filter and annotate the candidate TEs (parameters: e-value < 1e-95 08, -word_size 10, -perc_identity 85) (Altschul et al. 1990 ), by searching a database 96 of all known Repbase and Flybase transposable element sequences for Diptera 97
(including 121 TEs previously found in D. pseudoobscura, D. persimilis or D. miranda), 98
with sequenced duplicated between the data bases removed using a custom python 99 script. 100 a. Sequences that show single BLAST hits (e-value ≤ 1e-08) to this data base 101 were assumed to represent a previously identified TE family. We discarded 102 these sequences and used the Repbase/Flybase TE sequence to represent 103 the family instead. (349 sequences). 104 b. From the remaining sequences, those that showed BLAST hits to several TE 105 families, all from one superfamily, were considered to potentially represent a 106 previously unidentified family within that superfamily. (180 sequences). 107 c. Of the remaining sequences, those with hits all in a single order, but to multiple 108 superfamilies, were potentially novel TEs within this order. (18 sequences). 109 d. For sequences which had no potential TE family assigned in Step 2 (222 110 sequences), we attempted to find matches by aligning them to the online NCBI 111 non-redundant database using megablast. Of these, 202 had annotated or 112 predicted genes as the primary BLAST hit; these were discarded. The 113 remaining potentially novel TEs were retained (20 sequences), 114
To facilitate downstream analysis, we obtained a single representative sequence for 115 the potential novel TEs identified in Steps 2b, c and d, as is already done for those in 116
Step 2a. To do this, we clustered sequences found for all species using vmatch 117 (recommended LTRHarvest parameters: -dbcluster 95 7 -p -d -seedlength 50 -l 1101 118 -exdrop 9) (Kurtz 2010) . We confirmed these clusters by BLASTing novel TE 119 sequences to themselves and grouping them by similar matches (parameters: e-value 120 < 0.00001, -word_size 10). 121 4. As these may only represent partial TE sequences, we further assembled the 122 grouped sequences using Trinity (default parameters) to collapse similar 123 sequences and get a representative sequence for the cluster, even if only a 124 fragment of the consensus sequence (Haas et al. 2013 ). We checked these 125 assemblies and clusters by aligning sequences from the cluster and with the Trinity 126 assembly (if applicable) using MAFFT (parameters: --thread 3 --threadit 0 --reorder 127 --leavegappyregion -auto) (Katoh et al. 2002) , to ensure that the assembly or 128 longest sequence representing the putative novel TE was recovered. From each 129
cluster of similar sequences, we took the longest sequence as the representative 130 fragment of each putatively novel family. 131 5. Some of the putatively novel families identified in 2b may instead be divergent 132 representatives of known families. To see whether this was the case, we again 133 attempted to identify previously known families among them using the consensus 134 sequences from the five species genomes. We aligned novel TEs pairwise to all 135
Repbase TEs using MAFFT (parameters: --thread 3 --threadit 0 --reorder --136 leavegappyregion --auto) and used a custom python script to find the number of 137 diverged aligned bases. We defined sequences as belonging to a known family if 138 they were >90% similar to a known family across the sequence, following (Kohany 139 et al. 2006) . Two families of the novel sequences were found to belong to known 140 families in this way (an I-element and a Jockey element), but were closely related 141 to insertions in distant relatives of the obscura group (I-4_DF from D. funebris and 142
Jockey-8_DRh from D. rhopaloa, respectively). We therefore retained these 143 sequences in our data set, as they likely represent diverged copies of these 144 families, or ancient horizontal acquisitions. 145 6. From Steps 1-5, we found 567 candidate TE sequences, 349 of which belong to 146 previously described TE families, including all 121 families previously found in the 147 D. pseudoobscura group ('known' families), and 445 others (putative 'novel' 148 families). We proceeded to filter sequences from this set which were represented 149 by very few or very short matches to the reference genomes. 150 a. First, we used the 567 sequences to repeat mask the reference genome of 151 each species using RepeatMasker (parameters: -no_is -norna -no_low -152 gff -gccalc -u -s -cutoff 200) (Tarailo-Graovac and Chen 2009), following 153 recommendations in (Kofler et al. 2012) . We required that the families have 154 at least 25 Repeatmasker hits in at least one species (237 sequences 155 retained, 116 known and 121 novel families). 156 b. We then estimated the copy number of each TE family for each species 157 from the Illumina short read data from adult females, discarding those 158 estimated to have a median coverage less than 2-fold that of the third 159 chromosome for less than 80% of the length of the sequence. To do this, 160
we mapped short reads to the repeated masked reference genome and the 161 237 TE sequences retained from the previous step using BWA MEM 162 (parameters: paired end -t 5 -M) ( aids mapping of degenerate TE sequences, as described in (Kofler et al. 2016a) . 209
Following mapping, we generated a ppileup file summarizing identities and locations of 210 TE insertions for all lines in PopoolationTE2 (default settings, --map-qual 10) and 211 subsampled to a physical coverage of 25, removing secondary alignments. As these 212 sequences are mostly from inbred lines, we required the estimated frequency to be at 213 least 50% (default parameters, --target-coverage 25, --min-count 5, minimum frequency 214 = 0.5) (Kofler et al. 2016a) . We then identified the number of insertions per MB window 215 Before further analysis, we trimmed all genomic and RNAseq Illumina reads used 222 with Sickle to remove low quality sequence data (default parameters for long reads, 223 minimum length = 16 for small RNAs), and removed reads that were unpaired (apart from 224 the small RNA reads) after this step from the sequence data (Joshi and Fass 2011) . 225
We mapped small RNA sequences from D. pseudoobscura to known and novel 226
TEs identified in that species, using publicly available small RNA reads from the reference 227 sequences identified in this study (BWA aln parameters: -n 3, maximum 2 alignments). 235
We classified small RNAs by length and orientation using a custom python script 236
and the Pysam python library, following (Brennecke et al. 2008 ). Specifically, we 237 considered small RNAs from 21 to 23 to be siRNAs and from 24 to 29 to be piRNAs 238 (Obbard et al. 2009 ). We used bedtools (intersect, -wa -wb -f 0.3 -r), to check for a 10-239 bp overlap between sense and anti-sense matches and used sequence logos (Schneider 240 and Stephens 1990) to check for the 1-T, 10-A bias, both associated with ping-pong 241 amplification, a characteristic feature of piRNAs (Levine and Malik 2011) . 242
Detecting short range horizontal transfer events within the pseudoobscura group 243
To detect horizontal transfer of TEs within the five species examined, we compared 244 divergence between consensus TE sequences to genomic divergence, following the 245 rationale described in (Bartolomé et al. 2009 ). We limited this analysis to families found 246 in at least 3 species and with an annotation on Repbase. 247
To construct consensus TE sequences for each TE family and each species, we identified 248 the major allele for each species at each variable site using GATK v3.5-0-g36282e4 249
HaplotypeCaller, with ploidy levels set to the estimated copy numbers based on coverage 250 of the TE sequence, and using FastaAlternateReferenceMaker (default parameters) to 251 generate fasta sequences from the mapped data (DePristo et al. 2011) . 252
We aligned these consensus sequences from each species using MAFFT (parameters: -253 -thread 3 --threadit 0 --reorder --leavegappyregion -auto) (Katoh et al. 2002) and 254 generated a phylogeny of each sequence using the Repbase annotation and PhyML 255 (parameters: -M GTR) (Guindon et al. 2010 ). We obtained a total of 39 annotated 256 alignments that included sequences for D. affinis comparisons, and 62 additional 257 sequences for all other species comparisons (noted in Table S2 ). 258
We estimated synonymous site divergence (d S ) in the TE sequences pairwise 259 between species using codeml (with transition-transversion rates estimated from the 260 data, and codon frequencies from the nucleotide frequencies) and the coding regions for 261 these TEs as annotated in Repbase (Kohany et al. 2006; Yang 2007 
Detecting long range horizontal transfer events with other Drosophila species 274
We attempt to identify long range transfers from other Drosophila species. To do this, we 275 separated all known Drosophila TEs by their super families, including our set of D. 276 pseudoobscura group TEs, and aligned the TE sequences within each superfamily using 277
MAFFT (Katoh et al. 2002) and generated phylogenies for these using PhyML (Guindon 278 et al. 2010 ). We then extracted patristic distance matrices for each superfamily using 279
Patristic (Fourmant and Gibbs 2006 ) and compared each distance to the nuclear genome 280 comparison performed previously for these genomes (Chen et al. 2014) . 281 282
Results and Discussion 283

Transposable element annotation of the D. pseudoobscura group genomes 284
We identified insertions of the 157 well-supported TE families in the reference genome of 285 the five species, and assessed their TE content using four metrics: the proportion of the 286 reference genome masked (using RepeatMasker (Tarailo-Graovac and Chen 2009)), the 287 proportion of short reads mapping to each TE sequences, the number of insertions in 288 each genome using short read data (using PopoolationTE2 (Kofler et al. 2016b) , 289 demonstrated across genomes in Supplementary Figure 2) and the estimated copy 290 number of each TE family (Table 1 and Table S2 ). We also estimated the density of TE 291 content across the genome (in masked bp/Mbp) using the proportion of the reference 292 masked by Repeatmasker. 293 Across all species, for all measures of TE content we find a significant linear 294 correlation between measures (Table S2 , Spearman's Rank Correlation p-value < 295 0.00213), though the strength of the correlation is weak for all species between the 296 proportion of the genome masked at the family level versus the copy number of the TE 297 family, and the insertion count versus the proportion of the genome masked (r < 0.58), 298
suggesting that the proportion of the genome masked may be an inconsistent measure 299 of TE density. As expected, correlations between measures of TE content in the species 300 with genomes assembled only from short reads are lower ( well-annotated. We found 116 previously identified pseudoobscura TE families using our 312 pipeline. We also found two TE families from other species, and 28 additional putative 313 TE families that passed all our filters in these two species. For D. pseudoobscura, we 314 were able to use RNAseq data from (Duff et al. 2015) to determine whether these 315 elements showed evidence of expression in embryos, using publically available 316 expression data. We estimated RPKM for both novel and known TEs from these data; of 317 the novel TEs, nine had appreciable levels of expression ( Figure S3 , FPKM > 1), a similar 318 proportion to that of the known TEs (49 of 116). Similarly, we used sequences from 319 embryonic small RNAs to ask if suppressive small RNAs are produced against these TE 320 families. We extracted TEs with at least 20 small RNAs mapping to them, which 321 comprised 114 of the 116 known TEs and all 28 of the novel TE sequences (Table S7 & 322 8). Most of these elements (108 of 140) had piRNAs generated against them (using the 323 24-29nt range generally used to identify piRNAs in other species (Ghildyal and Zamore 324 Figure S3) . 337
In all, we found 12.33% and 23.59% make up the reference genomes of these 338 species, (Table 1) . In contrast to a previous study, which found similar proportions of LTRs 339
and LINEs in the D. pseudoobscura genome (Clark et al. 2007) , we find over twice as 340 much TE content due to LTR vs. LINE retrotransposons (Table 1) ; it is worth noting an 341 additional effort was put into finding novel LTRs in the putative TE set using LTRHarvest 342
(Ellinghaus et al. 2008). 343
In the remaining species, we find 20 additional families not found in D. 344 pseudoobscura and D. persimilis ( Figure 1B) . The 57 TE families shared among all five 345 species constitute most of the TE content (73-84% of insertions and 53-78% of each 346 species reference TE content, Table S2 ), but vary in copy number between species (e.g. (Table 1, Table S2 ). This is likely due to the The higher TE content of D. persimilis is not due to the presence of additional 381 families, as the same families occur in both species (Table 1, Figure 1 ). In fact, as these 382 species hybridize occasionally ), it would be surprising if their TE families 383 remained very distinct. Estimates of copy number from coverage of short read data 384 (collected from adult females in both species) shows more copies of each TE family in D. 385 persimilis than D. pseudoobscura (46.8 vs. 39.6 on average), but the difference is highly 386 non-significant (Mann-Whitney U, p = 0.669). 387
Simple coverage differences of TEs, could, in principle, be explained by differences 388 in under-replication of TE between the strains or species. But this is unlikely, as the 389 coverage differences are also consistent with genome-size estimates, insertion number 390 recovered and the proportion of the genome repeat masked (significant associations 391 between all, as stated previously). If the difference is genuine, it could be due to the 392 differences seen in a few families with large numbers of insertions in D. persimilis, such 393 as Gypsy10_Dpse, HelitronN-1_Dpe, Gypsy17_Dpse, and MiniME_DP (Table S2) . 394 Figure 3) . 438
Across 4096 pairwise comparisons, we found 230 where the TE patristic distance 439 was lower than the previously found genic distance (Table S7) We also compared the phylogenies of the TEs to that of the species, again looking 474 for evidence of horizontal transfer. Of these families, 41 have phylogenies that differ from 475 the species tree and group the two species with little divergence together. It is possible 476 these differences are due to incomplete lineage sorting, or gene tree discordance, it is 477 also possible that horizontal transfer has occurred for this family between these species, 478 and so may support HT for 34 LTRs, 3 DNA transposons and 5 LINEs (All of which are 479 below the 97.5% quantile for genomic d S , Figure 3B ; Table S2) Whitney U test: p < 3.5e-08, Table S5 ). comparison, which we expect to be at similar levels to TE d S if there is hybridization. This 498 result suggests pervasive transmission between species, resulting in polymorphism being 499 exchanged between species several times, rather than once, resulting in no excess of 500 low frequency polymorphism (Tajima 1989; Bartolomé et al. 2009 ). Alternatively, there is 501 less constraint on polymorphism in transposable elements, allowing polymorphisms to 502 drift to higher frequencies in shorter periods of time following their horizontal acquisition. 503
Interestingly, 10 TE families appear to transfer between species in all comparisons 504 (d S < 0.25% quantile: 1 TIR, 1 LINE and 8 LTRs), while 21 show no evidence of transfer 505 (d S > 50% quantile: 1 TIR, 1 helitron, 11 LINEs and 9 LTRs), suggesting that rates of 506 transmission are highly dependent on the TE family and its activity. We also see large 507 differences in copy numbers of each family in each species. We next looked to see if a 508 lack of exchange can lead to changes in copy number of a family and explain the 509 differences between D. persimilis and others. 510
We compared changes in copy number over all the species (via the coefficient of 511 variation), for pervasively transferring TEs, non-transferring TEs and all other TEs. We 512 find no difference in the coefficient of variation of copy number for pervasively transferring 513 families and non-transferring families ( Figure 3D ; Mann Whitney U p-value > 0.19 for all 514 comparisons), suggesting that reduced transmission between species isn't altering 515 dynamics of the families compared to pervasively transferring families. This low 516 divergence and no evidence of family expansion has two possible explanations: 1. There 517 may be gene flow to some degree between these species in the wild, while the genes are 518
likely not introgressed due to incompatibilities or lower fitness, their linked TEs will be 519 transpose more readily after hybridisation, becoming unlinked from this gene. This variant 520 will then be maintained in the new host, resulting in reduced divergence for the TE family 521 between the species. 2. Due to the sympatry of the pseudoobscura subgroup, there may 522 have been recurrent horizontal transmission between species, for TE families already 523 present in each of the species, resulting in the low d S , but shared polymorphism and lack 524 of copy number expansion. The lower numbers of LINE families found exchanging 525 between species supports the idea of horizontal exchange, however the supposed 526 numbers of exchanges (up to 61) between species is unprecedented, giving more support 527 to vertical exchange of TEs. Despite this pervasive TE exchange of some families, TE 528 dynamics may be changing within the species, leading to the differences seen in TE 529 families, densities and family copy numbers. 530
531
Like D. melanogaster, the D. pseudoobscura group shows highly active TEs that 532 appear to be constantly undergoing a cycle of acquisition, expansion and high activity, 533 suppression and finally extinction. Strangely, despite TE exchange between species, the 534 group shows distinct differences in TE content and TE densities. Though some of these 535 differences are due to differences in quality of assembly of each species genome and 536 method used to identify TE insertions, we find a distinct expansion in TE numbers in D. 537 persimilis. We find these differences are likely due to stochastic differences in expansion 538 and extinction between shared families, and not due to differing activities in novel and 539 private families compared to these shared families. Overall this suggests that despite 540 frequent gene flow, TE dynamics can evolve rapidly due to stochastic factors across the 541 lifetime of a family. 542
Due to the history of the first recorded instance of a horizontal transfer of a 543 transposable element, we tend to think that these transfers are rare, likely catastrophic 544 events. However, an expanding body of evidence suggests that these events are likely a 545 common occurrence throughout genomes, becoming more and more common the more 546 closely related two species are. This transfer of elements is possibly even recurrent in 547 some cases and, due to the presence of closely related sequences within piRNA clusters, 548 reducing the fitness costs of a transfer event, such as the invasion of P-element into D. 549 melanogaster. Our results support the idea that TEs are highly fluid, moving between 550 genomes easily without leading to the expansion of TE content in a species genome, or 551 heavy catastrophic events such as was seen in laboratories with the invasion of P-552
element. 553
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